T cell activation is a complex process involving integration of both activating and inhibitory signals. Activating signals are provided by interaction of the T cell receptor (TCR) with peptide͞MHC complexes on antigen presenting cells (APC). In addition, CD28 interactions with B7 family members provide a requisite costimulatory signal for T cell activation (reviewed in ref. 1) . The CD28 homologue CTLA-4 also interacts with B7 but serves to counteract the activating signals of the TCR and CD28 (reviewed in ref. 2) . Consistent with its inhibitory role, mice deficient for CTLA-4 develop a severe lymphoproliferative disorder and die at 3-4 weeks of age, presumably as a result of massive infiltration into most major organs by activated lymphocytes (3, 4) .
The cytokine transforming growth factor-␤ (TGF-␤) also can regulate lymphocyte activation and effector function. Originally characterized for its roles in development, epithelial cell growth and differentiation, and in the process of carcinogenesis, TGF-␤ now is known to regulate a variety of immune cells including lymphocytes, macrophages, and dendritic cells. TGF-␤1 has strong immunosuppressive effects on B cells, CD4 ϩ T cells, CD8 ϩ T cells, natural killer cells, and macrophages. In vitro studies have demonstrated an ability to inhibit proliferation of T cells responding to TCR and CD28 stimulation. This inhibition of proliferation may be due in part to the ability of TGF-␤1 to inhibit expression of the IL-2 receptor and production of IL-2 (5, 6) . TGF-␤1 also can regulate T cell responses by inhibiting the activation of APC. TGF-␤ decreases expression of both class I and class II MHC molecules on B cells, macrophages, and dendritic cells and can modulate costimulatory molecule expression (7-9).
The phenotype of TGF-␤1-deficient mice is grossly similar to that of CTLA-4 Ϫ͞Ϫ mice. TGF-␤1 Ϫ͞Ϫ mice die at 3-4 weeks of age of a multiorgan inflammatory syndrome (10, 11) . The lymphoproliferative disorder seen in TGF-␤1 Ϫ͞Ϫ mice is driven primarily by expansion and activation of CD4 ϩ T cells, similar to the situation in CTLA-4 Ϫ͞Ϫ mice (12, 13) . Depletion of this subset of T cells, either by anti-CD4 mAb or breeding to MHC class II-deficient animals, inhibits inflammation and improves survival of TGF-␤1-deficient mice, although these animals eventually die because of myeloid hyperplasia (12) .
The widespread expression of TGF-␤ and its receptors has made it difficult to separate the effects that TGF-␤ has on T cells from its effects on APC or on nonlymphoid cells. It is unknown whether the lymphoproliferation in TGF-␤1-deficient mice is attributable to a loss of direct control of T cell homeostasis. Recently, two groups have generated transgenic mice expressing a truncated type II TGF-␤ receptor, which acts as a dominant negative of the endogenous receptor (14, 15) . Transgene expression is restricted to CD4 ϩ and CD8 ϩ T cells and completely abrogates signaling by endogenous TGF-␤ receptors. Although some phenotypic differences are observed, in both cases T cells constitutively expressing the dominant negative TGF-␤ receptor become spontaneously activated and differentiate into cytokineproducing effector cells (14, 15) . The mice also develop an autoimmune disorder characterized by lymphocytic infiltration into several organs (14, 15) . These results demonstrate that TGF-␤ can act directly on the T cell compartment to maintain homeostasis.
The similarities in the phenotypes between CTLA-4-deficient animals and TGF-␤1-deficient animals led to the speculation that CTLA-4 may mediate its inhibitory effects on T cells via TGF-␤. In support of this notion, CTLA-4 engagement has been shown to enhance TGF-␤ production (16) (17) (18) . It also has been reported that CTLA-4 Ϫ͞Ϫ T cells do not undergo spontaneous activation or exhibit unrestrained proliferation in the presence of wild-type T cells in mixed chimeras (19, 20) . This led to the suggestion that the CTLA-4 Ϫ͞Ϫ phenotype is not cell autonomous and that the CTLA-4 Ϫ͞Ϫ T cells might be regulated by TGF-␤ produced by their normal counterparts (20) . Finally, it has been suggested that TGF-␤ production by CD4 ϩ CD25 ϩ T regulatory cells is controlled by CTLA-4 and that this may be an indirect mechanism for the down-regulation of T cell responses by CTLA-4 (21) .
The present study was undertaken to determine whether TGF-␤ plays a role in CTLA-4-mediated T cell inhibition and whether CTLA-4 regulates the production of TGF-␤. Here, we report that neutralizing antibody to TGF-␤ does not reverse inhibition of T cell proliferation on CTLA-4 cross-linking. Further, CTLA-4 ligation does not costimulate production of either active or latent TGF-␤ by TCR transgenic T cells. Finally, CTLA-4 engagement inhibits T cell proliferation and cytokine production in the absence of TGF-␤ production or sensitivity to TGF-␤. Antigens. Antigens used in these studies were pigeon cytochrome c 88-104. All peptides were synthesized at the University of California at Berkeley Cancer Research Laboratory Microchemical Facility by standard fluorenylmethoxycarbonyl synthesis. Peptides were purified by reverse-phase HPLC, and purity was verified by mass spectroscopy.
Materials and Methods
Cell Lines, Media, and Antibodies. The CHO-K1 and I-E kϩ CHO cell lines were a gift from Nilabh Shastri (University of California, Berkley, CA). T cells and CHO cells were cultured in DMEM (BioWhittaker) supplemented with 1 units/ml penicillin͞1 g/ml streptomycin͞2 M L-glutamine͞20 M 2-mercaptoethanol͞5% FCS. Hamster antibodies to murine CD3 (500-A2), CD28 (37N.51), and CTLA-4 (9H10), as well as irrelevant hamster IgG (clone 536) were purified by protein G and tested for endotoxin contamination before use. Antibodies to MHC class II and heat-stable antigen were used as culture supernatants for purification of lymph node T cells by complementmediated lysis.
scFv Cloning and Expression. Antibody variable regions were cloned from hamster hybridomas secreting antibodies specific for mouse CD28 (37N.51) and mouse CTLA-4 (14.11E3) by using a 5Ј RACE PCR protocol. Briefly, total RNA was isolated by using RNAstat-60 (Tel-Test, Friendswood, TX) according to the manufacturer's instructions. First-strand cDNA was synthesized according to the manufacturer's instructions (GIBCO). After ethanol purification, a poly(G) tail was added to the 5Ј end of the cDNA according to the manufacturer's instructions (GIBCO). The tailed cDNA then was amplified by lowstringency PCR by using degenerate primers designed for hamster antibodies (34) . The resulting PCR products were cloned into a TA vector (Invitrogen) according to the manufacturer's instructions. Sequencing was carried out by using the Big Dye Terminator Sequencing Kit (Perkin-Elmer), and sequences were obtained on a Perkin-Elmer 3700 analyzer. BLAST searches confirmed sequences as antibody variable regions and gave variable-constant region boundaries as well as signal sequencevariable region boundaries. Consensus variable regions then were amplified by PCR by using specific primers. Construction of single-chain Fv (scFv) was carried out by a sewing PCR. The reverse light chain primers and the forward heavy chain primers encoded 10 of 15 aa of the (Gly 4 Ser) 3 linker, resulting in an overlap of 15 nt. One-microliter light and heavy chain variableregion PCR products were reamplified together. PCR products were subcloned into pCR-Blunt vectors (Invitrogen) and resequenced.
Expression of the scFv as membrane-bound proteins was carried out by replacing the membrane distal Ig domain of murine B7.2 with the scFv. Murine B7.2 cDNA was PCRamplified from residues 352-1030 by using the following primers. The truncated B7.2 cDNA was subcloned into the pCR-Blunt vector (Invitrogen) and sequenced. After sequencing, the truncated B7.2 cDNAs were subcloned into the mammalian expression vector pBK-CMV (Stratagene) at the BamHI and EcoRI restriction sites. Next, the scFv cDNAs were subcloned upstream of the B7.2 cDNA at the SalI and BamHI restriction sites, resulting in a scFv-B7.2 fusion protein. The 37N scFV-B7.2 cDNA then was subcloned into the mammalian expression vector pCDNA3.1(ϩ) (Zeocin; Invitrogen), and the 14.11 scFv-B7.2 cDNA was subcloned into the mammalian expression vector pCDNA3.1 (ϩ) (hygromycin) for expression in CHO cells.
CHO cells (3 ϫ 10 6 ) were transfected with the linearized scFv expression vectors (10 g) or control vectors (10 g) by electroporation. Two days after electroporation, 300 g͞ml of both hygromycin (GIBCO) and Zeocin (Invitrogen) was added to the cultures. Expression of the membrane-bound scFv was tested by flow cytometry by using the recombinant fusion proteins CD28 Ig and CTLA-4 Ig after 10 days in selection. CHO cells expressing the appropriate scFv were subcloned by limiting dilution to achieve cells expressing equivalent levels of each scFv. Preparation of Antibody-Coated Beads. Latex microspheres (Interfacial Dynamics, Portland, OR) were incubated at 10 7 ͞ml for 90 min at 37°C with anti-CD3 antibody (0.5 g͞ml), anti-CD28 antibody (1 g͞ml), and anti-CTLA-4 antibody (2 g͞ml) in PBS. Control hamster Ig (536) was added to normalize total protein levels to 7 g͞ml for coating. Free Ig was washed out and beads were blocked with complete medium for 90 min at 37°C before use. [ 3 H]Thymidine (1 Ci͞well) (Amersham Pharmacia) was added at 48-72 h, and the assays were incubated for an additional 12 h before harvesting. Proliferation was assessed on a Packard 9600 Gas Phase Counter (Packard).
Cytokine Assays. Supernatants from activation cultures were harvested at 48 or 72 h and assayed for cytokine production. IL-2 and IFN-␥ were analyzed by sandwich ELISA. ELISA plates were read on a fluorescent plate reader (Bio-Tek, Burlington, VT), and samples were analyzed by using KC4 software (BioTek). Total TGF-␤ production was determined by sandwich ELISA according to the manufacturer's protocol (Quantikine; R & D Systems). Active TGF-␤ was determined in a bioassay by using the Mv1Lu mink lung epithelial cell line. Briefly, serial dilutions of supernatants from activation cultures were added to the Mv1Lu cells for 18 h. [ 3 H]Thymidine (1 Ci͞well) was added for an additional 2 h before proliferation was determined.
Results
Activation of CD4 ؉ T Cells with Costimulatory Receptor-Specific APC.
Because both CD28 and CTLA-4 bind the same ligands on an APC, it is difficult to trigger each receptor individually during an antigen-specific response. This has complicated dissection of the contribution of the individual receptors to T cell activation. To circumvent this problem the antibody variable-region genes from B cell hybridomas secreting antibody specific for CD28 and CTLA-4 were cloned, and these variable-region genes were expressed as scFv on the cell surface of CHO cells as fusion proteins grafted onto the B7.2 (CD86) protein in place of the membrane distal Ig domain. These fusion proteins allow, in conjunction with MHC, the production of cell lines expressing costimulatory-specific receptors and give the flexibility of specifically ligating CD28, CTLA-4, or both receptors in conjunction with the TCR (Fig. 1A) .
The costimulatory receptor-specific APC were used to activate CD4 ϩ AND TCR transgenic T cells (Fig. 1B) . Proliferation is induced by TCR ligation alone at high peptide doses whereas coligation of CD28 reduced the amount of peptide required for activation by approximately six times. Ligation of CTLA-4 in conjunction with the TCR resulted in a 25-60% decrease in proliferation while not significantly affecting the sensitivity of the cells to peptide. The greatest inhibition of proliferation occurred at lower peptide doses. Ligation of CTLA-4 in conjunction with CD28 reduced the proliferation of these cells by as much as 90%, and these cells required a 6-fold higher amount of peptide for activation as compared with T cells stimulated with TCR and CD28.
IL-2 production was affected similarly by CTLA-4 ligation (Fig. 1B) . TCR stimulation alone resulted in very low levels of IL-2 production, which was not affected significantly by coligation of CTLA-4. CD28 engagement induced large amounts of IL-2 production whereas the coligation of CTLA-4 together with CD28 reduced the IL-2 production significantly (up to 90%).
Neutralizing Antibody to TGF-␤ Does Not Reverse CTLA-4-Mediated
Inhibition of AND TCR ؉ T Cells. We next sought to determine whether TGF-␤ was involved in the CTLA-4-mediated inhibition of CD4 ϩ T cells in vitro. We found that recombinant TGF-␤1 (2.5 ng͞ml) was capable of inhibiting the proliferation of AND TCR ϩ T cells in vitro and that an antibody (100 g͞ml) to TGF-␤ was able to restore proliferation completely ( Fig. 2A) (22) . AND TCR transgenic T cells were activated in the same manner as above in the presence of control antibody or neutralizing antibody to TGF-␤, and the proliferation was assessed. The AND TCR transgenic T cells responded to stimulation by CHO cells expressing MHC alone, and this proliferation was increased significantly by coligation of CD28 with the TCR (Fig. 2B) . CTLA-4 significantly inhibited proliferation induced by TCR stimulation alone and also inhibited TCR͞CD28-induced proliferation (Fig. 2B) . Addition of neutralizing antibody to TGF-␤ did not reverse the inhibition of proliferation by CTLA-4 ligation (Fig. 2B) . Similar results were found over a wide range of peptide concentrations (data not shown). These results strongly suggest that TGF-␤ is not involved in CTLA-4-mediated inhibition of T cell proliferation.
CTLA-4 Inhibits Proliferation of TGF-␤1
؊͞؊ and Smad3 ؊͞؊ T Cells. We directly tested whether TGF-␤ was required for CTLA-4-mediated inhibition by using T cells from mutant mice. We first examined the effects of CTLA-4 ligation in the proliferation of T cells from TGF-␤1 Ϫ͞Ϫ mice. Because TCR transgenic TGF- 
␤1
Ϫ͞Ϫ mice were not available for antigen-specific stimulation, T cells were activated with latex microspheres that had been precoated with antibody to CD3, CD28, and͞or CTLA-4. Stimulation of T cells with beads coated with anti-CD3 antibody alone induced very little proliferation whereas co-cross-linking of CD28 dramatically enhanced proliferation of T cells from both TGF-␤1 Ϫ͞Ϫ and littermate controls (Fig 3A Upper) . Ligation of CTLA-4 together with CD3 and CD28 reduced the proliferative response of T cells up to 90% from TGF-␤1 Ϫ͞Ϫ and TGF-␤ ϩ͞Ϫ animals, but had no effect on the proliferation of CTLA-4 Ϫ͞Ϫ T cells (Fig. 3A and data not shown) . Secretion of IFN-␥ also was inhibited by ligation of CTLA-4 in the TGF-␤1 Ϫ͞Ϫ T cells. Because of the low levels of IFN-␥ secreted by the littermate control T cells, it was difficult to determine whether CTLA-4 cross-linking significantly affected IFN-␥ production by these T cells (Fig. 3A Lower) .
We extended the analysis to T cells from mice deficient for the signaling molecule Smad3 (23). Smad3 is a critical component of the TGF-␤ receptor-signaling pathway, and T cells deficient for Smad3 are unresponsive to TGF-␤ (23) . As shown in Fig. 3B , T cells from smad3 Ϫ͞Ϫ mice and littermate control mice proliferated robustly in response to CD3 and CD28 ligation. Concomitant ligation of CTLA-4 with CD3 and CD28 reduced the proliferation of T cells from both mutant and littermate control mice by up to 90%. In fact, the smad3 Ϫ͞Ϫ T cells were slightly more sensitive to CTLA-4 ligation (Fig. 3B) . Addition of recombinant TGF-␤1 (2.5 ng͞ml) inhibited the proliferation of littermate control T cells as effectively as CTLA-4 ligation but had no effect on the smad3 Ϫ͞Ϫ T cells. Together, these results show that neither the capacity to produce TGF-␤1 nor sensitivity to TGF-␤ is required for CTLA-4-mediated inhibition of T cell proliferation and cytokine production.
CTLA-4 Does Not Stimulate Production of TGF-␤ from CD4 ؉ T Cells.
TGF-␤ production by AND TCR transgenic T cells also was analyzed. Supernatants from parallel T cell activation cultures as in Fig. 1 were assayed for TGF-␤ content by ELISA. As can be seen in Figure 4A , although activation of AND TCR transgenic T cells with costimulatory receptor-specific APC resulted in TGF-␤ production, CTLA-4 engagement did not costimulate TGF-␤ production.
TGF-␤ normally is secreted in a latent form, however, which then is activated by extracellular mechanisms (reviewed in ref. 24) , and detection of TGF-␤ by ELISA does not discriminate between latent and active TGF-␤. Activated T lymphocytes have the capacity to secrete the active form of TGF-␤ (5), and, therefore, we assessed the effect of CD28 and CTLA-4 ligation on production of both active and latent TGF-␤. Inhibition of proliferation of the TGF-␤-sensitive cell line Mv1Lu was used as an assay for active TGF-␤. Addition of supernatants from T cells activated with or without CTLA-4 ligation (as in Fig. 2) showed no inhibition of proliferation of the Mv1Lu cell line (Fig. 4B  Left) . Consistent with the lack of bioactive TGF-␤, addition of anti-TGF-␤ antibody had no effect on the proliferation of Mv1Lu cells (Fig. 4B Left) . This indicated that production of bioactive TGF-␤ by AND TCR transgenic T cells was not induced by ligation of CTLA-4 when using costimulatory receptor-specific APC.
Heat activation was used to reveal the presence of latent TGF-␤ in the culture supernatants. TCR stimulation alone resulted in the production of enough latent TGF-␤ to inhibit Mv1Lu cell proliferation by 80%. CD28 coligation slightly inhibited the production of TGF-␤, reducing the inhibition to about 60% (Fig. 4B Right) . Ligation of CTLA-4 did not alter the amount present in culture supernatants (Fig. 4B Right) in the presence or absence of CD28 ligation. In all cases, the inhibition was attributable to TGF-␤ because the addition of neutralizing antibody to TGF-␤ reversed the inhibition (Fig. 4B Right) . These results demonstrate that, although the T cells produced latent TGF-␤, this production was not enhanced by CTLA-4 ligation under conditions that resulted in marked inhibition of T cell proliferation (see Figs. 1 and 2) .
Discussion
In this study we have used artificial MHC class II positive APC, antibody-coated beads, and antibody cross-linking to examine the role of TGF-␤ in CTLA-4-mediated inhibition of T cell proliferation and whether CTLA-4 regulates the production of TGF-␤. Our results demonstrate that CTLA-4-mediated inhibition of T cell activation does not require either TGF-␤ or sensitivity to TGF-␤. Our results also provide no support for the notion that effective ligation of CTLA-4 results in costimulation of TGF-␤ production by CD4 ϩ T cells. Our conclusion that TGF-␤ is not involved in CTLA-4-mediated inhibition is at variance with two previous reports (16, 17) . It is worth considering possible reasons for the apparent discrepancy. Our conclusion is based in part on the observations that the addition of neutralizing antibody to TGF-␤ failed to reverse CTLA-4-mediated inhibition of AND TCR transgenic T cells and that CTLA-4 ligation equally inhibited proliferation of wild-type, TGF-␤1 Ϫ͞Ϫ , and Smad3 Ϫ͞Ϫ T cells. Chen et al. (16) reported that anti-TGF-␤ antibody did reverse inhibition, but the effect was small, with the inhibition being reduced from about 90% to about 70%. Additionally, Chen et al. (16) reported CTLA-4 engagement to be less effective at inhibiting proliferation of TGF-␤1 Ϫ͞Ϫ T cells. It is possible that the discrepancy could be attributed to differences in activation protocols used. Whereas the study of Chen et al. (16) used antibody crosslinking, we used a number of activation protocols. Costimulatory receptor-specific APC were used to activate AND TCR transgenic T cells and assess the effects of neutralizing antibody to TGF-␤. Additionally, antibody-coated beads were used to activate T cells from TGF-␤1 Ϫ͞Ϫ or littermate control mice. Finally, antibody cross-linking, similar to the protocol of Chen et al. (16) , was used for the activation of Smad3 Ϫ͞Ϫ and littermate control T cells. Under none of the conditions used for CTLA-4 engagement did we observe any dependence of CTLA-4-mediated inhibition on the ability to produce TGF-␤ or sensitivity to TGF-␤.
Our conclusion that CTLA-4 plays no role in the production of TGF-␤ is also contrary to three previous studies (16) (17) (18) . We base our conclusion on the observation that, although latent TGF-␤ was produced in our assays, engagement of CTLA-4 did not augment TGF-␤ production by primary CD4 (18) reported that CTLA-4 engagement increased TGF-␤ production by selfreactive human T cell clones. Again, differing activation protocols may account for this discrepancy. In our study, TGF-␤ production by AND TCR transgenic T cells was assayed by using the same conditions as those used to assess the effects of neutralizing antibody to TGF-␤ on T cell proliferation (i.e., activation by costimulatory receptor-specific APC). Chen et al. (16) used different activation conditions for determination of TGF-␤ production than for T cell proliferation. It may be possible that the enhanced TGF-␤ production seen by CTLA-4 ligation in this study was a product of a superactivating conditions. Gomes et al. (17) examined TGF-␤ production by memory T cells. Memory T cells are quite distinct from primary T cells in the ability to secrete cytokines (reviewed in refs. [25] [26] [27] . It may be that CTLA-4 differentially influences cytokine secretion depending on the differentiation state of the T cell. However, our results show that optimal CTLA-4 engagement does not costimulate TGF-␤ production by T cells. Furthermore, our data clearly show that CTLA-4 can profoundly inhibit T cell prolif- eration and cytokine production when TGF-␤ is not synthesized. Similarly, our results clearly show that CTLA-4 can inhibit proliferation of mutant T cells that are not sensitive to TGF-␤.
These results are consistent with and support previously published results demonstrating the modulation of proximal signaling events in T cell activation on CTLA-4 engagement. CTLA-4 ligation on previously activated T cell blasts has been shown to rapidly inhibit the phosphorylation of the CD3 chain and the Src kinase ZAP-70 (28, 29) . A similar study demonstrated that ligation of CTLA-4 regulates the phosphorylation and activation of the downstream-signaling molecules ERK and JNK (30) . Additionally, inhibition of IL-2 gene transcription by CTLA-4 engagement has been shown as early as 4 h after activation (31) . It is difficult to reconcile the proximal and early effects observed on CTLA-4 ligation with a model in which the effects of CTLA-4 on T cell activation are only an indirect result of induction of synthesis and secretion of an inhibitory cytokine such as TGF-␤. Overall, the data presented here indicate that CTLA-4 and TGF-␤ represent distinct mechanisms for the control of T cell homeostasis and activation.
